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Abstract: We consider the impact of new exotic colored and/or charged matter inter- 
acting through the Higgs portal on Standard Model Higgs boson searches at the LHC. 
Such Higgs portal couplings can induce shifts in the effective Higgs-gluon-gluon and Higgs- 
photon-photon couplings, thus modifying the Higgs production and decay patterns. We 
consider two possible interpretations of the current LHC Higgs searches based on ~ 5 fb _1 
of data at each detector: 1) a Higgs boson in the mass range (124 — 126) GeV and 2) a hid- 
den heavy Higgs boson which is underproduced due to the suppression of its gluon fusion 
production cross section. We first perform a model independent analysis of the allowed 
sizes of such shifts in light of current LHC data. As a class of possible candidates for new 
physics which gives rise to such shifts, we investigate the effects of new scalar multiplets 
charged under the Standard Model gauge symmetries. We determine the scalar parameter 
space that is allowed by current LHC Higgs searches, and compare with complementary 
LHC searches that are sensitive to the direct production of colored scalar states. 
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1. Introduction 



The minimal Standard Model (SM) posits that electroweak symmetry breaking (EWSB) 
occurs due to the condensation of an elementary hypercharge Y = |, SU (2) l doublet scalar 
field, leading to the prediction of the SM Higgs boson with well-determined properties |l|, 
|2|, |3], |], U (for a recent review on the SM Higgs boson, see ||). The SM Higgs boson is 
the primary target of the LHC, and the ATLAS and CMS experiments are rapidly closing 
in on it. The newest results based on ~ 5 fb _1 of data at each experiment |7], |8] have 
significantly pushed forward the quest for the Higgs. 

There has been intense investigation on the existence of new physics (NP) at the TeV 
scale and its possible manifestations. The hierarchy problem in particular suggests that the 
Higgs must couple to these new states. Such couplings can induce significant changes to 
the Higgs boson phenomenology, affecting both its production and decay properties. This 
possibility is especially interesting in light of the recent results from LHC Higgs searches. 
Both ATLAS and CMS have released the combined SM Higgs limits based on ~ 5 fb _1 
datasets. The SM Higgs boson is now ruled out in the heavy mass range 130 — 600 GeV. 
Furthermore, both experiments observe a 2-3<r excess in the range 124-126 GeV, which has 
prompted a large number of studies [g, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, H 

~,11HII|6|,!3. 



23, 24 



28, E9L M, 31 



The size of the dataset is by now large enough to begin probing all regions of SM Higgs 
masses from 115 — 600 GeV. As such, LHC Higgs searches are now sensitive to couplings 
of the Higgs boson to NP states beyond the SM (BSM). For example, the existence of new 
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light states with mass m < rrih/2 that couple to the Higgs field opens up new decay channels 
for the Higgs boson, which is especially relevant for a light Higgs boson, rrih < 130 GeV 
|3|, ||, £5], m H|, |3|, ||, H|, Q 1^ (see Ref. @ for a review), in which case new search 
strategies may be needed by the collaborations in order to detect the Higgs boson [49]. 
Another possibility is that the Higgs is part of an extended scalar sector, and its coupling 



is modified due to its mixing with the new scalar particles |5(], [5l| [52], 53, 54]. In this case, 
the lightest physical mass eigenstate will have a non standard coupling to SM particles, 
thus modifying its production rate. 

In this paper, we focus on a scenario in which the Higgs boson is mainly SM-like. 
Interactions between the Higgs and new exotic particles S lead to modifications of loop- 
level Higgs production and decay processes, such as gg — >• h and h — >■ 77. Additionally 
a new decay mode h — > SS can be open in the case of a relatively heavy Higgs, leading 
to small modification of the Higgs total width. In general there are many possible forms 
of interactions between the Higgs and the exotics, which depend in detail on the specific 
quantum numbers of the new exotic states. However, there exists a class of interactions 
which are sufficiently generic and of a universal form so as to deserve special attention: 
the so-called Higgs portal interactions. The combination H^H, being a gauge and Lorentz 
singlet, can be trivially combined with an operator Onp, itself a gauge and Lorentz invariant 
operator built out of exotic new fields. The Higgs portal interactions are thus of the generic 
form 

C D \H^HO NP . (1.1) 

Furthermore, since WH is a dimension two operator, the Higgs portal interaction is typ- 
ically of a low dimension, and may even be renormalizable if new exotic scalar fields are 
present. If the new exotic states are charged under color and/or electromagnetism, inte- 
grating them out generates the operators hG a ilv G ailv and hF ilu F^ v . As we will demonstrate 
in detail in this paper, up-to-date LHC results based on the combined 10 fb _1 dataset 
already put interesting constraints on the sizes of such operators. 

It is also interesting to consider explicit examples of the NP content. If the NP states 
are heavy compared to the Higgs boson, their interactions can be treated as contact in- 
teractions. Additionally, if they are not too heavy, as is often the case for regions with 
significant modifications to Higgs phenomenology, they can be produced and searched for at 
the LHC. Combining information from direct searches for exotic states with Higgs searches 
provides complementary probes of the NP. 

In this paper we will focus on the Higgs portal couplings to additional scalars S of the 
form 

C D -X(H^H)(S^S), (1.2) 

and study a large set of possible SU(3)c x SU(2)l x U(l)y representations of S. In 
principle, additional fermions F and vector bosons V coupling via the Higgs portal can 
also change the phenomenology of the Higgs boson. However, in order to modify the Higgs 
phenomenology in a noticeable way with exotic particle loops, the portal couplings cannot 
be too small in comparison with the SM gauge and top Yukawa couplings. For fermions 
and vector bosons, the most generic Higgs portal couplings, (H^H)(FF) and H^HV^V^, 
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are nonrenormalizable (see however Ref. [55] for renormalizable models of vector Higgs 
portals). Hence, in comparison, it appears more natural to expect the marginal operator 
with scalars in Eq. ( |1,2| ) to have a sizable coupling. We therefore restrict to new exotic 
scalars S. 

This paper is organized as follows. We begin by summarizing the current LHC Higgs 
searches and our fitting method in Sec. ||. In Sec. ||, we perform a model independent 
analysis on the allowed sizes of the effective Higgs-gluon-gluon and Higgs-photon-photon 
operators. The allowed parameter regions for NP scalar particle couplings through the 
Higgs portal is presented in Sec. |], where we consider both colored and uncolored scalars. 
Sec. |5]is dedicated to the analysis of the current direct searches of the NP scalars. We shall 
reserve Sec. |6] for our conclusions. 



2. Implications of LHC Higgs searches for new physics 

After a very successful year of running in 2011, the LHC has now delivered in total approx- 
imately 5 fb _1 of integrated luminosity to both the ATLAS and CMS experiments. This 
is enough data to significantly test the hypothesis of a SM Higgs boson over most of its 
mass range. The final results of the Higgs searches for the 2011 run have now been released 
0, ||]. We now give a brief overview of the analysis and results for each experiment in turn. 

The ATLAS combination includes the channels h — > 77, h — > ZZ* — > A£, h — > WW* — > 
2£2v, h WW* £vqq\ h ZZ* -> 2£2v, and h ZZ* -> 2£2q, which use the full 
data set of up to 4.9 fb _1 of luminosity. The combination yields the observed 95% C.L. 
exclusion regions, which extend over Higgs masses in the ranges 110.0 - 117.5 GeV, 118.5 
- 122.5 GeV and 129 - 539 GeV. Furthermore, an excess is observed near ~ 126 GeV 
with a local significance of 2.5<7 (global probability of 30% after accounting for the look- 
elsewhere effect given the search range of 110-600 GeV). This excess is driven mainly by 
the h — > 77 and h — > ZZ* — > A£ channels. 

The CMS combination includes the channels h — > 77, h —> tt, h — > bb, h — > WW* —> 
2i2v, h -> ZZ* -> A£, h -> ZZ* 2^, h -> ZZ* 2£2q, and h -> ZZ* 2^2t, all of 
which have been updated using the full dataset of up to 4.8 fb . CMS is able to exclude 
the SM Higgs in the mass range 127 — 600 GeV at 95% C.L. However, CMS also observes 
an excess at around = 124 GeV with a local significance of 3.1<r (global significance of 
1.5(7 after accounting for the look-elsewhere effect given the search range of 110-600 GeV), 
driven by an excess of 77 events. 

From these results we are motivated to consider two distinct hypothetical scenarios: 

• Scenario A (Hint of a light Higgs): The observed excesses are the first hints of 
the Higgs boson, with a mass in the (124-126) GeV range. In this case, the excesses 
observed are, at the moment, certainly consistent with a SM Higgs boson due to the 
limited statistics. However, the data may suggest the presence of NP which slightly 
modifies the production and decay patterns, and in particular increases the rate to 
the diphoton mode by a factor of ~ 2. 
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• Scenario B (Hidden heavy Higgs): The Higgs boson is 'hidden'. The mass of 
the Higgs boson is in the excluded region, but the Higgs particle has so far avoided 
detection because its production in the most sensitive search channels is suppressed 
by NP effects compared to the SM predictions. The currently observed excesses at 
low mass are not due to the Higgs boson, but to a statistical fluctuation. 

We will explore both of these scenarios below, first in an effective field theory context 
followed by specific models of new exotic colored and charged scalar fields coupled via the 
Higgs portal. Before presenting the results, let us first describe the various components of 
our analysis. 

Scenario A (Hint of a light Higgs) : 

For Scenario A described above we consider a hypothetical SM Higgs boson in the 
mass range of (124 — 126) GeV supplemented with new interactions that affect the Higgs 
production and decay properties (both effective operators and explicit Higgs portal scalar 
models). We are interested in finding which parameters describing the NP scenarios give 
an acceptable description of the data, and in particular give a boost to the rate in the 
diphoton channel. To address this question, for each search channel i we calculate the 
signal strength parameter, 



where U{ = cr(pp — )■ h) X Br(/i — > i). We compare these values with the best-fit values 
of <7j/crf M obtained by the experimental collaborations using a simple x 2 goodness-of-fit 
test. We note that ATLAS provides such best-fit values for all values of Higgs masses, 
while CMS provides this information only for rrih = 119.5, 124, 137, and 144 GeV. Because 
of this, as well as the precise values of rrih for which excess occurs, we will consider two 
separate cases: a) ATLAS data with a rrih = 126 GeV hypothesis, and b) CMS data with 
a rrih = 124 GeV hypothesis. We will highlight the differences in ATLAS and CMS results 
and their corresponding effects on the NP scenarios whenevever possible. 

The best-fit values for a / a SM for each experiment and channel are presented in Table [l]. 
We obtain these values directly from the plots of the best-fit signal strength presented by 
the ATLAS and CMS collaborations in Refs. j/j, ^]. Notice that in several channels the 
uncertainties extend to values of negative signal strength, which is not physical. However, 
in our fits the cross sections (and thus signal strengths) are constrained to be positive as 
demanded by physics. We note that the uncertainties in these measurements are asymmet- 
ric, and differ by ~ 10 — 30% in some cases. To be conservative in excluding parameters, 
and for simplicity, we employ a x 2 goodness-of-fit test using the larger of the errors in each 
channel, which is shown in Table |]. However, the use of a gaussian likelihood function 
(as implied by use of the x 2 statistic) is questionable in the case of asymmetric errors. 
Therefore, we have also verified that our results do not change significantly when using a 
two-sided gaussian likelihood, with which both upper and lower error bars can be taken 
into account. 

Scenario B (Hidden heavy Higgs): 



- 4 - 





77 


ZZ 


WW 


TT 


bb 


ATLAS ( m h = 126 GeV) 


1.96 ±0.86 


1.19 ± 1.18 


0.17 ±0.65 


0.14 ± 1.7 


-0.82 ±2 


CMS ( m h = l2A GeV) 


2.1 ±0.62 


0.48 ± 1.06 


0.67 ±0.57 


0.84 ± 1.32 


1.16 ± 1.65 



Table 1: ATLAS (m h = 126 GeV) and CMS(m A = 124) best-fit values of a/cr SM for the channels 
used in the fit. 

Next, for Scenario B described above we consider a hypothetical SM Higgs boson with 
its mass as a free parameter, again supplemented by NP interactions. We are interested in 
determining parameter regions for which the Higgs boson would not yet have been detected, 
due to a suppression in the rate in its most sensitive channels caused by NP. To find such 



regions, we follow a procedure similar to the one outlined in Ref. |5q, 57, Namely, we 



compute the observed 95% C.L. limit on the signal strength parameter in each channel, 



^obs ^obs _SM ^SM 

NP _ <h fj ,.SMfj (n r>s 

Pi ~ a NP a SM ^NP Pi ^.NP ■ v > 



Here /if M is the factor by which the SM cross section in the channel i (defined as = 
af M (pp — > h) X Br(/i — > i)) must be scaled to be excluded at the 95% C.L. . The values of 
jjSM are determined by each collaboration and are extracted from Refs. |7|, B|. Given these 
values, Eq. ( |2.2| ) tells us the factor by which the NP cross section in the channel i must be 
scaled to be excluded at 95% C.L. . 

In order to find the parameter space allowed by the constraints from all channels, we 
must combine channels. We use the simple prescription of Ref. |56| , 57, |58|] in which 
parameters for all channels are combined in inverse quadrature to obtain the combined 
parameter /J^^b- Then, to be consistent with current constraints at the 95% C.L., we 
require Mramb > 1> anc ^ * ms defines the allowed region in our NP parameter space. 

3. Effective operator analysis 

In this section we derive model-independent constraints on Higgs boson interactions with 
NP beyond the SM using the up-to-date LHC Higgs boson searches. Here we work in the 
regime in which we can integrate out new exotic particles and represent their effects with 
contact interactions. We will focus specifically on possible modifications to the processes 
gg — > h and h — > 77. Since these processes are loop induced in the SM, they are particularly 



susceptible to NP effects [59] 



We parameterize the new effective operators as 

* => c o^ 2 ^HGl v G^ + c^rfHF^. (3.1) 

Obviously, it is not always a good approximation to treat these couplings as contact inter- 
actions, particularly when the masses of the new exotic particles are comparable to that 
of the Higgs. In such a situation, the effects of the NP are more model dependent, but 
we note that there are Higgs boson observables that can signal in a model independent 
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fashion the presence of light degrees of freedom |60[| . We do expect that for large regions 
of parameter space in generic NP models, especially those with a light Higgs boson, the 
contact operator approximation is valid, underscoring the general utility of such a model 
independent analysis. 

There are only two free parameters in the effective Lagrangian in Eq. (|3.1|): cq and c 7 . 
In actual NP models, the sizes of the effective operators will depend on several properties 
of the NP states, i.e., their couplings to the Higgs, their representation under the SM gauge 
group, number of their species, and their masses. 

The effective operators in the Lagrangian ( |3.lD modify the gluon fusion production 
cross section as 



<r(gg -> h) 



r(/i -> gg) 



°{gg ->• ^)sm r(/i -> gg)su 



1 + 



4c G 



E/^i/2(r/) 



(3.2) 



as well as the partial Higgs decay width to a pair of photons, 



r(fr ->• 77) 

T(h -> 77) 



SM 



1 



2c, 



Mrw)-EfN f Q 2 f A 1/2 (r f ) 



(3.3) 



In Eqs. ( ^J3.3| ) above, n = m^/Amf, Ay2 (Ai) a fermion (vector boson) loop function 
defined in the Appendix, and Nf and Q f the number of colors and the electric charge of 
the fermion / of the SM. We now consider in turn the two distinct interpretations of the 
LHC Higgs searches, as described in Section 

Scenario A (Hint of a light Higgs): 

Consider first the Scenario A, in which we hypothesize the existence of a Higgs boson 
in the mass range (124 - 126) GeV. The observed deviations are consistent with a SM Higgs 
boson, but the best-fit values of the rate in the diphoton channel are roughly a factor of 2 
larger than the one predicted by the SM. It is interesting to ask what values of cq and c 7 
lead to this boosted rate. Moreover, it is of general interest to determine the constraints 
on the sizes of the operators cq and c 7 in Eq. (3.1), assuming a Higgs boson is present in 
this mass range. Such constraints can then be easily translated to any NP model. 

Following the analysis steps outlined in Section [2], we find the allowed parameter regions 
in the cq — c 7 plane. We consider two cases: 1) a fit to the ATLAS data with a 126 GeV 
Higgs boson, and 2) a fit to the CMS data with a 124 GeV Higgs boson. The results are 
shown in Fig. [l] 1 . 

We now make several remarks regarding the results presented in Fig. |]. The general 
shape of the regions is dictated by two competing factors: First, the best fit regions tend 
to lie along curves in which the diphoton rate is ~2 times its SM value. We have overlaid 
contours showing the enhancement (or suppression) of the diphoton rate in red. Secondly, 
values in which the gluon fusion cross section is too large compared to the SM value lead 
to tension with the rate observed in the ZZ and WW channels. Comparing the two 
experiments, we see that ATLAS generally allows a larger suppression of the gluon fusion 



1 In the range of cg and c 7 we consider here, the modification of the Higgs total width is negligible. 
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Figure 1: Constraints on the coefficients of the effective operators cq and c 7 . In the left panel we 
show constraints from the ATLAS data for a 126 GeV Higgs boson. In the right panel we show 
constraints from the CMS data for a 124 GeV Higgs boson. In each panel, we show the confidence 
levels of la (orange), 2a (yellow), 3er (solid boundary). We also show contours of constant gluon 
fusion Higgs production cross section normalized to the SM value (blue) and the normalized rate 
of the 77 channel (red). Solid lines show twice the SM rate, while dashed lines show one half the 
SM rate. The green dot indicates the SM (cq — c 7 = 0) 



production cross section than CMS due to the smaller best-fit rate in the WW channel (see 
Table H) . We show contours of the enhancement (or suppression) of the gluon fusion rate in 
blue. We observe that in general, NP contributions to gluon fusion are quite constrained, 
with —0.7 < cg ;$ 0.1 (for a la fit), while c 7 is far less constrained. 

Scenario B (Hidden heavy Higgs): 

We next consider the hypothesis that the Higgs boson is heavy but hidden from the 
LHC searches thus far due to a NP suppression of its rate in the most sensitive channels 2 . 
We focus on the region > 130 GeV, in which case the main relevant channels are WW 
and ZZ. For such heavy Higgs bosons, only the gluon fusion production cross section can 
be modified by the operators in Eq. ( |3.1D , and therefore the LHC Higgs searches can probe 
the coefficient co- 
in Fig. ^ we present regions in the rrih — cq plane for which the Higgs boson would 
not have yet been detected. To obtain these allowed regions, we follow the analysis steps 
described in Section & We see that consistency with the null searches requires a sizable NP 
contribution to the gluon fusion channel, with preferred values of the operator coefficient 
—0.7 < cg % —0.1 for rrih < 400 GeV, while a slightly larger range of cq values are 
allowed for > 520 GeV due to the weaker constraints on the SM Higgs production cross 
section at high masses. Such negative values of cq lead to the destructive interference with 

2 A heavy Higgs boson leads to a conflict with precision electroweak data, but there are a number of way 
in which NP may help to relax such a tension |61| . 
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Figure 2: Values of the coefficient cq as a function of Higgs mass for which the Higgs boson 
production cross section is sufficiently suppressed for it to be hidden from current LHC searches 
(Orange). We also show the contours of constant cross section in the gluon fusion channel relative 
to its SM value: twice (solid), one half (dashed), and one tenth (dotted) the SM values. 

the dominant SM top quark loop contribution in the gluon gluon Higgs production cross 
section (see Eq. (|3.2|) ). Finally, for Higgs masses between 400 GeV < < 520 GeV it 
is not possible to hide a Higgs with the effective operators presented in Eq. fl3.ip . There 
are two reasons for this: 1) for Higgs bosons heavier than twice the top mass the gg — >■ h 
amplitude develops a large imaginary part that cannot be cancelled with ( |3.1[ ), and 2) the 
ATLAS constraint in the ZZ channel is particularly stringent in this mass range. 

We also overlay contours of constant cross section of the gluon fusion channel relative 
to its value in the SM. We observe that a sizable suppression <J gg ->-h ^ O.lo"^^ is required 
for rrih < 400 GeV, while a smaller suppression is needed at mh > 520 GeV, again due to 
the weaker limits. We conclude that in the most part of parameter space it is possible to 
rescue a heavy Higgs boson from strong constraints imposed by LHC searches through NP 
affecting its production. 

4. Higgs portal to exotic scalars 

We now consider concrete UV completions of the higher dimensional operators we discussed 
in the previous section. In particular, we will investigate a very general scenario in which 
new exotic scalar fields in a variety of SU(3)c x SU(2)l x U(1)y representations interact 
through the Higgs portal. As explained in Sec. ^, our goal is twofold. We first show which 
ranges of masses and couplings of the additional scalars best fit a Higgs boson with a mass in 



the range (124-126) GeV, as recently hinted by the ATLAS and CMS collaborations 0,§. 
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Secondly, we analyze to what extent a relatively heavy Higgs (m^ > 130 GeV) is still 
compatible with the current LHC constraints thanks to the presence of the additional 
scalars, which can lead to the suppression of the gluon-gluon fusion production cross section 
as well as the possible decay h — > SS that suppresses the branching ratios of the Higgs to 
SM particles. Once the preferred parameter space is found, in Section |5| we will confront it 
with the parameter space still allowed by the LHC direct searches of these colored scalars. 
We note that the suppression of the gluon-gluon fusion cross section can occur in various 



beyond the SM scenarios, such as SUSY [62, 33, 64] and composite Higgs models 65, 



Recent studies considering the possibility of suppressing the gluon fusion cross section with 



colored scalars include |37], |6£| . 

The Lagrangian of the scalar multiplet contains a kinetic term with the appropriate 
covariant derivative, as well as a scalar potential containing a bare mass term and possible 
cubic and quartic couplings. In particular, for all models a Higgs portal coupling is present: 

Cd-\\S\ 2 H*H, (4.1) 

in which we have omitted the SU(3)c and SU(2)l indices and color contractions are 
implicit. After electroweak symmetry breaking, the physical squared mass m 2 s of the 
scalar field is the sum of the bare mass and a contribution from the Higgs portal coupling in 
Eq. ( |4,1| ) 3 . All modifications to Higgs physics are thus described by only three parameters: 
m h ,m s ,X- 

There are of course various conditions that the couplings in the scalar potential must 
satisfy, such as that SU(3)c is not broken and that there are no runaway directions at 
large field values. These conditions are quite model dependent, since the terms allowed in 
the potential depend on the specific representations. However, some general comments are 
in order. First, the quartic terms involving only the scalar field, such as Asd*?] 2 ) 2 , must 
have positive couplings As > so that the potential is bounded from below. Furthermore, 
since we will be considering both positive and negative values of the Higgs portal coupling 
A, a runaway direction may develop along a direction of nonzero H and S field values, 
unless A is greater than some minimum (negative) value |57]]. Finally in order to avoid the 
presence of color or charge breaking vacuua, we require m| > 0. We will then restrict to 
scalar fields that do not modify electroweak symmetry breaking (i.e. we do not consider 
electroweak multiplets that obtain a vacuum expectation value). These conditions can 
always be satisfied for the parameter regions we consider. One may additionally desire to 
have a viable theory up to some scale larger than the TeV scale, in which case the absolute 
value of A will be bounded from above (see |37j] for details). 

As to the specific SU(3)c x SU(2)l X U(1)y representations we consider, our aim 
with this study is to obtain a general overview of the possible modifications of the Higgs 
phenomenology and the allowed scalar parameter space, as well as the complementary sig- 
nals of scalar pair production at colliders. There are, however, some basic restrictions on 
the possible representations. For example, heavy colored and/or charged particles with 



3 The multiplets charged under SU(2)l will in general obtain a mass splitting due to radiative effects on 
the order of hundreds of MeV. Such a small mass splitting will not affect our results. 
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TeV-scale masses that are cosmologically stable are strongly disfavored by heavy element 
searches |39|. Furthermore, even if such colored or charged states are only collider stable, 
stringent lower bounds on their masses exist from LHC searches for stable charged/and or 
hadronizing particles |70|| . Colored/charged states that can promptly decay will be much 
less constrained by direct collider searches. For this reason we choose to study representa- 
tions in which renormalizable interactions mediating the decay of the new colored/charged 
states are allowed by the SM gauge symmetries. This restricts the SU (3)c x SU(2) lxU (l)y 
quantum numbers of the colored/charged scalars. However, we note that this is not a nec- 
essary condition: it is possible that nonrenormalizable operators mediate prompt decays 
of the new scalars. Therefore, our choice is mainly motivated by simplicity. 

Even with this simplifying requirement, we are led to consider a variety of represen- 
tations with different quantum numbers. This will allow us to obtain a representative 
overview of the possible modifications of the Higgs phenomenology, thanks to the presence 
of new colored and EW charged scalars with a mass of a few hundred GeV. The scalar rep- 
resentations we consider are presented in Table |2| (see Ref. [[n]] for a recent comprehensive 
study of the scalars with nonzero hypercharge) . 

The three main effects of the colored and electrically charged scalars relevant for the 
Higgs phenomenology are the modification of the production cross section through gluon- 
gluon fusion, the modification of the branching ratio into two photons, and the possible 
decay h — > SS that can increase the Higgs total width. In particular, for the case < 2ms 
and not too large values of A, the modification to the total width is negligible, and at LO 
we obtain 

°{gg -> h) T{h gg) 

<r(gg ->• h)sM T(/i ->• gg)sM 

in which Tj = m\/Amf, C(r) is the Casimir of the SU(3)c representation and Aq (^.1/2) 
a scalar (fermion) loop function given in the Appendix, c = 1(1/2) for a complex (real) 
scalar and K = 1, 2, 3 in the case of a weak singlet, doublet, triplet. 

Similarly the partial width of the Higgs into two photons is modified by 

nh ->• 77) 

T(h ->■ 77)sm 

where the sum is performed over the charged components of the SU(2)l multiplet 4 , d(r) 
is the dimension of the SU(3)c representation, Nf and Qf the number of colors and the 
electric charge of the fermion / of the SM and Ai the gauge boson loop function given in 
the Appendix. As well known, in the SM the main contribution comes from the W boson 
loop, so the quantity in the denominator is positive. From Eqs. (|4.2j), ( |4.3| ) it is interesting 
to note that a negative NP effect in the partial width to two photons (A > 0) corresponds 
to a positive NP effect in gluon-gluon fusion and vice-versa. 

4 Note that the formulas we are giving in this section are valid only in the hypothesis that all the 
components of the SU(2)l multiplet are approximately degenerate in mass. 



1 + Kc- 



\C(r)Ao(Ts)% 

E/^i/20"/) 
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Xd{r)Q%A,{Ts) 



2mz 



Mrw)-EfN f Q}A 1/2 (r f ) 



(4.3) 
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(1,2,|) 


Qd-R 


Uj)(jj), (tj)(tj), (bj)(bj), (tbMib), (bb)(bb) 




Leu 


(£-£ + )(e-£ + ),e-£ + +$ T 


(1,3,1) 


LL 


(£-£+)(£- £+),£- £++$t 




QQ, urcLr 


(jj)Uj), (tj)(ij), (bj)(bj), (tbMib) 


(M.-s) 




(t + 3) ,(t~t) (£ + i) , 2 j+$ T , 66+ $ T 

\ J / \ if / > \ / \ / 7 U / J- ' / J- 




URflR 


(£-j)(£ + j),(£-t)(£ + i) 

\ J / V u 1 7 \ J \ f 


(3,1,1) 


dRdfl 


(jj)(jj),(bj)(bj) 


(3,1,-|) 


UrUr 


(jj)(jj),(tj)(ij) 


dRfiR 


(£-j)(£ + j),(£-b)(£+b) 


(6,1,3) 


QQ 


(jj)(jj), (tj)(ij), (bj)(bj) 

\tf <J / \v tf / ' \ tf / \ tf / ' \ t/ / \ if / 


urcIr 


(jj)(jj), (tj){ij), (bj)(bj), (tb)(ib) 


(6,1,-|) 


d~Rd~R 


(jj)(jj),(bj)(bj)Abb)(bb) 


(6,1,1) 


URUR 


Uj)Uj),(tj)(ij),(tt)(ii) 


(8,1,0) 


loop decay 


(jj)tij) 


(3,2, I) 


cLrL 


(l~3) (^ + j), (T b) U + b) ,2j+$ T , 66+ fl T 

\ J / \ J / 7 V, /V / 7 J 1 ~ J- 7 1 7^ _t 


(3,2,|) 


urL 


(^i)(^ + i),(^"i)(^ + i),2j+^T,tt+^T 


Q&R 


(^"j)(^ + j), (rf)(£+i), (^~6)(^+6) 


(8,2,1) 


UrQ 


Cu)Cu), (*J')(0'), (6j)(^')> (*&)(*&), (**)(«) 


Qd R 


(ii)(ii), (tj)fe-), (&J)(^J), (*6)(*b), (66)(66) 


(3,3,-1) 


QQ 


(jj)(jj),(tj)(ij),(bj)(bj) 


QL 


(t-j)(t + j), (£-t)(£ + i), (£-b)(£+b),jj+p T ,ti+p T ,bb+# T 


(6,3,1) 


QQ 


(jj)(jj), (tj)(ij), (bj)(bj), (tt)(ii), (bb)(bb), (tb)(fb) 


(8,3,0) 


loop decay- 


(W+j)(W-j), ( 7 J)(7J), (Zj)(Zj), (jj)(Zj) 



Table 2: SU(3)c x SU(2)l x t/(l)y scalar multiplets. These scalars have renormalizable interac- 
tions mediating their decay and do not contribute to electroweak symmetry breaking. The scalar 
quantum numbers, couplings to SM matter, and the possible signatures of scalar pair production 
at colliders are displayed. 
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To estimate the quantitative effects on Higgs boson searches, we use the ratios in 



Eqs. fl4.2|) , (4.3) to scale the SM gluon fusion cross section and the Higgs to diphoton 
branching ratio, where the SM values for all cross sections and branchings ratios are taken 
from the LHC Higgs cross section working group [72]. These ratios are computed at 



the LO. There have been a few works examining the higher order effects of new colored 
scalar particles on the gluon fusion process |73|, 74]. In particular, Ref. |73| computed 



the NLO corrections to the gluon fusion Higgs production cross section for a general scalar 
multiplet, and studied numerically some specific example models. Using their results for the 
(8, 2, ^) scalar, one may estimate that the size of NLO corrections could differ from those 
in the SM by at most 10-20%. Corrections of this size are numerically important, but will 
not qualitatively alter our results and conclusions at this early stage of limited statistical 
precision. However as the measurement of the Higgs boson production rates improves with 
more data, it will be important to take such higher-order effects into account. 

Finally, as we already mentioned, in the case of a heavy Higgs, rrih > 2ms, the h — >■ SS* 
decay mode is open, with a partial decay width given by 

r(/wSS*) = d(r)AV ,/i-44- (4-4) 

For Scenario B we must take into account this channel, in addition to the modifications of 
the gluon fusion production cross section presented above. 

We now explore the scalar parameter space for the two scenarios described in Section |2[ 
Namely, we consider first the hypothesis of a light Higgs boson in the mass range 124 — 126 
GeV, followed by the possibility of a hidden heavy Higgs boson. To illustrate the main 
features of the constraints on the scalar parameter space, we discuss in detail representative 
examples in this section: two colored scalar multiplets, (3,1, — 3) and (8, 2, |), as well 
as one color neutral multiplet (1,1,2) for Scenario A and two colored scalar multiplets, 
(3, 2, |) and (8, 2, i) for Scenario B. 

Scenario A (Hint of a light Higgs): 

With the assumption that the Higgs mass is in the 124-126 GeV range, as hinted at 
by the recent ATLAS and CMS results, there are only two free parameters: the Higgs 
portal coupling A and the scalar mass ms- We first present in Fig. ||| the results for two 
colored scalar representations, a triplet (3, 1, — |) and an octet (8, 2, i). In the left panel 
we show the fit of the present ATLAS data with a Higgs mass fixed to = 126 GeV; 
in the right panel the CMS data with rrih = 124 GeV. The la (2a) bounds are shown in 
orange (yellow). The solid lines bound the 3a allowed regions. 

From the figure we observe that the SM point A = cannot fit the ATLAS and CMS 
data at the la level. The scalar triplet can reach the la fit of ATLAS and CMS data 
in two different regions of parameter space which show a sizable enhancement of the di- 
photon rate: the one with order one Higgs portal couplings and scalar masses in the range 
250 GeV < ms < 600 GeV and the other one with very light scalars (ms < 150 GeV) in 
which the negative NP contribution to gluon fusion overwhelms the SM contribution and 
the resulting Higgs production cross section is SM-like. The octet representation instead 
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Figure 3: Scenario A: Constraints on the coupling A and the mass ms of the colored scalars. In 
the left panels, we show constraints coming from ATLAS with the Higgs mass fixed to be 126 GeV, 
while in the right panels we show constraints coming from CMS with the Higgs mass fixed to be 
124 GeV. The la (orange) and the 2a (yellow) allowed regions are presented for the representations 
(3, 1, — |) (top pannels) and (8, 2, i) (bottom panels). Finally the solid lines bound the 3a allowed 



regions. 



gives a good fit of the ATLAS and CMS data only for order one Higgs portal couplings 
and scalar masses in the range 250 GeV < mj < 400 GeV. 

Comparing the fits of the ATLAS data to those of the CMS data, we observe that, 
contrary to the former, the latter has an intermediate mass region that does not give a 
good fit of the data (see the white region for A < in Fig. ||). These regions, in fact, predict 
a very suppressed gluon fusion production cross section that is more compatible with the 
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ATLAS data because of the suppressed best fit value for the WW channel (see Tab. |T|). 

We next present in Fig. Q the fit for the color-singlet scalar (1,1,2). In the left panel 
we show the fit of the present ATLAS data with a Higgs mass fixed to = 126 GeV; in 
the right panel we show the fit of the CMS data with m,h = 124 GeV. The la (2a) bound 
is shown in orange (yellow) and the solid line bounds the 3a allowed region. Both fits allow 
for a sizable region of parameter space at the la level (A < 0). 

The effects of the color-singlet scalar are qualitatively different from those of the colored 
scalars, since only the diphoton rate is modified. The ATLAS and CMS data prefer a slight 
boost to the h — > 77 rate. As such there are two distinct regions which best fit the data. 
First, there is a broad region at moderate negative values of A in which the diphoton rate 
is enhanced. Moving towards positive values of A the rate is reduced as the NP scalar 
begins destructively interfering with the SM W boson loop. However, eventually, for large 
enough positive values of A and very light scalars, the scalar contribution overwhelms the 
W contribution to the amplitude and the diphoton rate is enhanced, giving a good fit to 
the data. 

Besides the illustrative example multiplets presented here, we have studied many other 
representations in Table ^. Since the results are qualitatively similar to those presented 
above, we will just make a couple of remarks. In particular, color sextets tend to lead 
to similar preferred regions as color octets, due to their similar Casimirs (C(6) = 5/2 vs. 
C(8) = 3), and dimensions ((2(6) = 6 vs. d(8) = 8). Furthermore, multiplets having 
components with larger electric charges tend to give a good fit to the data for larger scalar 
masses, while those having components with smaller electric charges require very light 
scalar masses to fit the data. 

Scenario B (Hidden heavy Higgs): 

We now consider the hypothesis that the Higgs boson is heavy > 130 GeV. 

The left panel in Fig. |5] shows the parameter space in the nih — ms plane, with Higgs 
portal coupling fixed to be A = —1, in which the Higgs boson would not yet have been 
observed. We consider the cases of a color triplet (3, 2, |) (green) and a color octet (8, 2, |) 
(blue). For this value of the Higgs portal coupling, we observe that the mass of the triplet 
representation must be rather light: only a triplet with 120 GeV < ms < 250 GeV can 
reduce the production cross section enough to open up the possibility of having a Higgs in 
the mass range 130 GeV < m\ t < 500 GeV. Instead, for Higgs between 500 and 600 GeV 
the scalars must be a bit heavier: 250 GeV < ms < 400 GeV. Due to its larger color factors, 
the constraint on the mass of the scalar octet is instead weaker, and octets with a mass 
250 GeV < ms < 450 GeV allow the presence of a Higgs in the entire mass range except 
in the window 400 GeV < mj < 520 GeV in which the constraint from the ATLAS ZZ 
channel is too strong. We note that we do not have an allowed region for very light scalar 
masses, in spite of the channel h — > SS being open. In fact, in this region the branching to 
SM states is still sizeable, and furthermore the negative contribution to the gluon fusion 
amplitude overwhelms the SM contribution resulting in a production cross section that is 
much larger than the SM one. 

The right panel in Fig. [5] shows the parameter space in the ms — A plane assuming a 



-14- 
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Figure 4: Constraints on the coupling A and the mass ms of the color neutral scalars. In the left 
panel, we show constraints coming from ATLAS with the Higgs mass fixed to be 126 GeV, while in 
the right panel we show constraints coming from CMS with the Higgs mass fixed to be 124 GeV. 
The la (orange) and the 2a (yellow) allowed regions are presented for the (1, 1,2) representation. 
Finally the solid line bounds the 3a allowed region. 




700 800 



m h [GeV] m s [GeV] 

Figure 5: Regions of scalar parameter space that allow a heavy Higgs boson to be consistent 
with existing LHC searches. In the left panel we present the allowed region in the mh — ms plane 
with A = — 1, while in the right panel we present the region in the ms — A plane for a 300 GeV 
Higgs boson. We show the results for two representations: (3, 2, |) (green) and (8, 2, i) (blue). We 
also show with dashed lines the corresponding estimate of the current LHC bounds from 
searches: color octets between 200 and 300 GeV and color triplets below 300 GeV are still allowed 
(see next Section for details). 
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300 GeV Higgs boson. As one expects, for A < 0, smaller values of |A| require lighter scalar 
particles to sufficiently reduce the Higgs boson production cross section. 

Finally, we also show in both plots (dashed line) the current LHC bounds from (Jj)(jj) 
search. This is one of the most generic signatures of scalar pair production in these models 
(see the discussion in Section ||). A color octet with a mass between 200 and 300 GeV, as 
well as a color triplet with mass below 300 GeV, is still allowed by searches, while 

hiding the Higgs to the LHC. 



5. Collider limits on scalars 



High energy colliders, in particular the LHC, have excellent potential to probe the new 
scalars charged under the SM gauge symmetries. We begin with colored scalars, which can 
be copiously produced at the LHC through the pair production process: 



PP 



SS(*\ (5.1) 



The potential signatures can be classified according to the decay products of the scalars. 
The real colored scalar representations (8, 1,0) and (8, 3, 0) |75| do not have renormalizable 
couplings to SM fermions, but nonetheless can decay at onedoop to a pair of gauge bosons. 
The complex colored scalars with nonzero hypercharge decay via the generic coupling 

£D^\ SM +h.c, (5.2) 

where i/jf M denotes a SM fermion. Assuming that only one of the renormalizable couplings 
listed in Table ^ is dominant, there are 20 distinct final states for the colored scalars we 
should consider. Instead of presenting a comprehensive analysis, we focus on several classes 
of typical signals. 

Both the overall size of the couplings and the relative importance of these channels are 
quite model dependent. For example, in models with order one couplings 77, large flavor 
violating effects have to be expected unless some symmetry principle is imposed, such 
as Minimal Flavor Violation (MFV). Of all the scalar representations we consider, only 
the (1, 2, |) and (8, 2, ±) multiplets can have MFV couplings to the SM fermions without 
introducing additional degrees of freedom |ff6| . Such a MFV model would then predict that 
the scalars dominantly decay into third generation fermions. Other scalar models can be 
made consistent with the MFV hypothesis if the scalars are promoted to transform under 
the flavor group |77]. Alternatively, it is possible that the couplings r\ in Eq. (5.2) are small 



enough so that flavor constraints are easily satisfied. Such small couplings can easily have 
UV completions from higher dimensional operators involving SM singlet spurions. Most 
importantly for our considerations, the smallness of the scalar coupling i] to SM fermions 
will not change the Higgs phenomenology, and furthermore will not change the collider 
signatures of scalar pair production ([O]) as long as the scalars decay promptly. Indeed, a 



typical scalar decay mediated by the Lagrangian in (5^2) is prompt for couplings rj > 10~ 7 . 
We will also consider the case in which the new physics particles are stable on collider time 
scales. 
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It is also possible that, with different choices of hypercharge, the scalars still decay 
through higher dimensional operators. An important condition here is that such light 
scalars do not live long enough to be constrained by dedicated collider searches (see the 
detailed discussion below). The collider signals will then depend on the details of the 
leading irrelevant operator. We will not discuss this possibility further in this work. 

In light of these considerations, we will treat one channel at a time, assuming the 
branching ratio of the scalar in that channel is close to 1. With the goal of providing 
a qualitative survey of the many phenomenological possibilities and of pointing out po- 
tentially interesting directions for new searches, we will estimate the constraints based on 
current LHC searches with similar final states, and the potential LHC reach with larger 
datasets. We emphasize that the majority of the NP states considered here have not been 
directly searched for at the LHC. Since LHC searches typically aim at very different un- 
derlying NP targets such as SUSY, our estimates here are necessarily rough. However, we 
note that since the production cross section depends very sensitively on the mass of the 
NP particles, a(pp — > SS*) misestimation of the sensitivity to production 

cross section only weakly shifts the the lower bound on the new particle mass. 
R-hadrons 

If the couplings governing the decay of scalars are small enough (77 < 1(T 7 ), then 
the scalars will be stable on collider time scales. In this case the signature is a long-lived 
charged and hadronizing particle, often referred to as a R-hadron, which has been searched 



for at the LHC |7|, [79], g||fg, The CMS analysis @ sets the most stringent limits: at 
95% C.L. the mass of stable scalar top quarks are bounded to be above 735 GeV. We thus 
estimate the constraint on stable color octet scalars (8, 1,0) ((8, 2, Y)) to be approximately 
at 900 (1000) GeV. Similarly, the constraint on a stable color triplet scalar is about 700 
(800) GeV for (3, 1,Y) ((3, 2, Y)). Therefore, we see that if the scalars are stable on 
collider time scales, current R-hadron searches already rule out the possibility that a color 
triplet (octet) plays a role in hiding a heavy Higgs (see Fig. ||). 

in) in) 

A common signature for new colored scalars is the final state, which can come 

from triplet, sextet and octet representations. This is a very difficult signal to uncover 
due to the large QCD background. For example, this channel can be used to search for 



a complex sgluon [|82|, |S3j, |84|, |85|, |86|, |87J] . In a recent ATLAS analysis |88j based on 34 
pb _1 , a complex scalar gluon is ruled out between 100 and 185 GeV, which translates 
into an approximate upper bound of 160 GeV on the mass of (8, 1,0) (see also [S8|). The 
constraint on the sextet is similar to the one of the octet. The production rate of a sextet 
is approximately double the one of real octet, which roughly translates into a (10 — 15)% 
higher limit on the mass of the sextet. Finally, the ATLAS search with 34 pb~ x puts no 
constraints on the triplet scalar, but the current luminosity (again assuming the sensitivity 
to the signal rate goes up by a factor of 10) could be used to constrain the triplet mass 
scale to be larger than ~ 150 GeV. 

Another search for the final state based on 2.2 fb _1 has been performed by 

CMS in the higher mass range 300 GeV < ms < 1200 GeV [89], and places bounds on 
colorons in the range 300-580 GeV. The limits will be similar for the (8, 1,0) scalar, while 
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for the (8, 2, Y) the limit will be close to 900 GeV. For color triplets the limits will be 
somewhat weaker: in the 300-500 GeV range for (3, 1,Y) and in the 300-550 GeV range 
for (3,2,Y). 

Note that the two existing analyses leaves open the mass window between ~ 200 — 300 
GeV that is of central importance for hiding the Higgs with Higgs portal couplings of the 
order one (see Fig. |5|) or to have a good fit of the ATLAS and CMS data for a Higgs at 
(124-126) GeV (see Fig|). 

Another possible final state is (t~ often referred to as lepto-quark. Exist- 
ing searches at both ATLAS and CMS significantly constrain the lepto-quark parameter 



space [90, 91, |9S] ]. In particular, an analysis based on 1.03 fb _1 [^] constrains scalar 
second generation lepto-quarks to be heavier than 685 GeV. Therefore, for the color triplet 
to play an interesting role in modifying Higgs phenomenology, its lepto-quark-like couplings 
should be suppressed. Naive scaling of the sensitivity with luminosity indicates that the 
mass reach of the triplet scalar for 10 fb _1 would be about 850 GeV. 

As shown in Tab. [2|, the jj+ fix signature is possible for color triplet scalars. Jets 
plus missing energy is also a classic signature of the MSSM; as such there exists stringent 
bounds from LHC searches. Although not a precise search for the scalars of our interest, 
as the missing energy in SUSY is carried away by 2 massive LSPs, we adopt this limit as 
an approximate estimate. ATLAS has preliminary bounds based on ~ 5 fb _1 [^J] that 
put a lower bound on the common mass of the first two generation squarks in the 1.2 TeV 
range (in the limit of a heavy gluino and massles LSP). Therefore, the constraints on the 
(3, 1, Y) scalar, which corresponds to a single squark, is roughly around 1 TeV. 

Since the missing energy is due to neutrinos, SU(2)l gauge invariance requires that 
this final state co-exists with a lepto-quark-like final states. Thus, this type of triplet scalar 
will have constraints and reach similar to those of the lepto-quarks. 
ti(bb)+$ T 

Heavy flavor produced in association with missing energy is a possible signal for color 
triplet scalars. The same final state arises from pair production of top superpartners at 
the LHC fH, H HI' H H> FOOtl - A recent ATLAS search |0| leads to a lower bound on 
the stop mass to be around 300 GeV. Hence, in this channel, the LHC has the potential to 
fully explore the parameter region of color triplet scalar which is most relevant for Higgs 
phenomenology. 

Due to SU(2)l gauge invariance, this final state will co-exist with the ti(bb)+£ + £~ final 
state. Multi-lepton plus multi-jet (6-jet) SUSY searches are sensitive to such final states. 
In particular, this signature is somewhat similar to the tttt signal. As we will discuss in 
more detail below, the current SUSY search in this channel bounds the gluino mass to be 
heavier than about 800 GeV. Taking into account the differences in the production rates 
for the gluino and the color triplet scalar, we estimate the bound to be about 500 GeV for 
the color triplet scalar. 

The bb+^T final state is also the signal used in the SUSY sbottom searches. As shown 
in Table ||, whether or not this channel coexists with the tt+^T is model dependent. The 
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current searches |102|1 put an upper bound of about 390 GeV on the sbottom mass. At 
the same time, SU(2)i gauge invariance requires the presence of the bb + l + £~ final state. 
Therefore, the stronger constraint from lepto-quarks will apply in this case. 
titt and channels with t ±± b 

This is a possible class of signals for the color octets and sextets. Searches for similar 



final states at the LHC has been recently studied in various NP scenarios [103, 104, 105 



107, 108, 109, 110, 111, 112]. In particular, this search is similar to the SUSY search 
channel gg — > ttti+ftx [113, 114]. The bound for the gluino from same-sign dileptons [114] 
is around 800 GeV. Therefore, the bound on the scalar octet (8,2,Y)) will be ina similar 
range . Note that for the representations we consider, the branching ratio to ttti is always 
less than 1. Since the main strength of this bound comes from the same-sign dilepton 
signal, the limit will thus be somewhat degraded. A search in the channel gg — > bbbb+J^T 
1 115 ] gives a similar constraint. We expect with the 7-8 TeV run the LHC will extend this 
limit to be about 1 TeV, with a similar reach for the octet. 
Color neutral scalars 

Finally, we briefly comment on the collider searches for the color neutral scalars. They 
would typically decay into W/Z as well as SM quark and leptons. Due to small production 
rate and large SM background from both QCD and EW processes, the search for such 
NP states is challenging. For example, some of the signals are similar to SUSY searches 
for charginos, neutralinos, and sleptons. The limits from Tevatron and LHC from direct 
production of such states are weak, typically < 200 GeV, see for example [67, 115]. 



6. Conclusion 



The search for the Higgs boson and the determination of its properties are among the 
central scientific goals of the experimental program at the LHC. Remarkably, being the 
only elementary scalar field in the SM, the Higgs provides a unique and minimal way of 
coupling to possible NP states through the operator H^HOnp, dubbed the Higgs portal. 

Recently at the CERN council, both ATLAS and CMS presented results based on ~ 
5 fb _1 that significantly advanced the frontier of the the Higgs boson searches. Indeed, 
these searches rule out a SM-like heavy Higgs in the range of Higgs masses ~ (130 — 600) 
GeV, and are now approaching the sensitivity needed to detect a light SM-like Higgs. It is 
therefore quite intriguing that hints of a signal have appeared in both experiments in the 
small mass window around 124-126 GeV. 

In this paper, we have examined the implications of the new data for exotic matter 
coupling via the Higgs portal. We have focused on two possible interpretations of the Higgs 
searches: 1) a Higgs boson in the mass range of 124-126 GeV and 2) a "hidden" heavy 
Higgs boson with mass greater than 130 GeV that is underproduced due to the suppression 
of its gluon fusion production cross section. 

We first performed a model independent analysis on the possible sizes of the Higgs- 
gluon-gluon and Higgs-photon-photon operators induced by integrating out NP states. 
The results of this analysis have broad utility and can easily be applied to a variety of NP 
scenarios that modify Higgs couplings. In the case of the light Higgs scenario, the existing 
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data already strongly constrains the NP contributions to the Higgs-gluon-gluon coupling, 
while there is still sizable room for NP affects on the Higgs-photon-photon coupling. On 
the other hand, a sizable NP contribution that destructively interferes with the SM gg — > 
h amplitude can suppress the gluon fusion production cross section and thus allow the 
presence of a heavy Higgs boson. 

Secondly, we considered concrete UV completions of such higher dimensional operators, 
in the form of new exotic scalar particles coupling through the Higgs portal. We surveyed 
a wide range of possible SU(3)c x SU(2)l x U(1)y scalar representations, determining the 
allowed parameter space from the current data. Assuming a 124-126 GeV Higgs boson, for 
order one Higgs portal couplings, the current data allow the color triplet (octet) to be as 
light as ~ 150 (~ 250) GeV, while color neutral scalars are largely unconstrained. For a 
heavy Higgs to be hidden, the color triplet (octet) must have a mass of the order ~ 200 
GeV (~ 300 GeV) for order one negative Higgs portal couplings. 

Such NP particles can also be searched for directly at the LHC. We have investigated 
the constraints and prospects under the assumption that the new scalars can decay via 
renormalizable interactions. Although some of the parameter space has already been ex- 
cluded, large regions remain unexplored. In particular, the 4j signature is only weakly 
constrained at low scalar masses due to the large QCD background. Other signatures 
such as lepto-quark-like or top-rich final states, if available, lead to more stringent bounds. 
Moreover, with dedicated searches a significant portion of the most interesting parameter 
regions for Higgs phenomenolgy can be probed with the current and future datasets. In- 
deed, if deviations from a SM-like Higgs are observed, new light exotic matter coupling 
through the Higgs portal will provide a promising and experimentally testable explanation, 
as such states can be directly observed in the near future at the LHC. 
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A. Loop functions 



In this Appendix we give the definitions of the loop functions used in the text. For the 
scalar, fermion, and vector particles running in the loop, respectively, we have 



Mr) =r- 2 [f(r)-r], 
A l/2 (r) = 2T- 2 [T + (T-l)f(r)l 

Mr) 



T T T 



(A.l) 
(A.2) 

(A.3) 



where r = m|/(4m 2 ), with m the mass of the particle in the loop, and the function /(r) 
defined as 



f(r) 



arcsm \/t 



log 



1 + VT 



1-vT 



ITT 



for r < 1, 
for t > 1. 



(A.4) 
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